In-house windrowing of poultry litter between broiler flocks has been promoted as a management practice to improve the litter condition upon chick placement. Before the onset of the current study, low-pressure sprinklers were used during the grow-out period in a broiler house. Different methods of windrowing were then utilized to determine the effect each had on litter composition. Covered, turned, and static 9 d windrow treatments, and one non-windrowed control were applied to a broiler house containing litter used over multiple flock grow-outs. The house was divided into 16 6 × 6 m plots with each treatment being applied to 4 blocks within the house. Litter from each plot was analyzed for particle size, moisture, N, NH 3 , P, K, pH, and temperature over a 20-day period, with d 20 representing 7 d after chick placement. All variables except particle size were statistically different. Of all the treatments, the covered treatment showed the greatest reduction in moisture over the 20-day period. Nitrogen content was lowest in the turned treatment. Ammonia decreased from d 9 to 20. Both the covered and static treatments were able to reach recommended temperatures in both the core and the periphery of the windrows. Conclusively, in-house windrowing after utilizing low-pressure sprinklers did not improve N retention, reduce NH 3 volatilization, or decrease P or K in the litter compared to the control. However, the temperatures obtained in the periphery and core of the covered and static treatments show potential for eliminating pathogens present in the litter.
DESCRIPTION OF PROBLEM
The poultry industry currently re-uses bedding material over several broiler flock growouts. This strategy is practiced due to the increasing cost and decreased availability of traditional pine shaving bedding material. It is also evident that built-up litter yields less footpad dermatitis than fresh litter [1] . However, when broilers are grown on the same bedding or litter material over several flocks, challenges arise. These challenges may include an increase in N, P, and K, as well as NH 3 . Used litter also can lead to disease outbreaks. In-house windrowing is a technique used by the poultry industry to improve the quality of used broiler litter. The technique is very similar to composting, where litter is piled into a single or multiple rows that extend the length of the broiler house [2] . The piles are then allowed to generate heat over a specific amount of time to reduce pathogenic organisms [3] . The main differences between composting and windrowing are the time it takes to perform, their temperature profiles, and the residual material at the end of the process [2] . To effectively windrow used litter, the moisture content of the litter must exceed 32% but remain less than 35% [4] . However, most litter management practices during a broiler grow-out are designed to reduce litter moisture, and in Mississippi the average litter moisture content is around 24.8%, which can make it hard to accomplish an effective windrowing program [5] .
Recently, low-pressure water sprinklers, an alternative or supplement to the commonly used evaporative cooling pads, have been evaluated as a method for cooling birds within a broiler house without reducing the house temperature [6] . This new alternative replaces or supplements the evaporative cooling pad system with a lowpressure (<50 psi) sprinkler system. Not only is the sprinkler system meant to lower the body temperature of poultry, but also lower the airborne particulate matter and NH 3 [7] . The use of the sprinkler system will result in temperatures that are similar to or slightly lower than the outside environment. As well, the resulting humidity in the house will be relatively close to the outside environment [6] . The humidity for sprinkler cooling will be lower than that of a traditional cool-cell system and thus may promote a drier climate for the birds.
Although the house can run hotter, with improper management, a sprinkler system in the broiler house may increase the moisture content of the litter over the length of the grow-out. If litter moisture is higher at the end of the grow-out, then in theory a more effective windrowing process should occur. Though the concept of higher moisture in the litter contradicts good management practices (GMP), a moisture content above Mississippi's average 24.8% but between 32 and 35% is important, because higher moisture content is directly related to the windrow temperature, and higher temperature can potentially inactivate disease-causing organisms more efficiently [8] . It has been demonstrated by Macklin et al. [9] that an in-house windrow reaching slightly above 50
• C for 48 h has the potential to reduce anaerobic and aerobic bacteria and eliminate Salmonella and Campylobacter within the core of the windrow. Fifty degrees Celsius (50
• C) also has been an instrumental temperature in reducing pathogenic bacteria within an in-house windrow, and this temperature is also capable of killing or inactivating most viruses, fungi, and parasite eggs [10, 11] . Thus, temperature is necessary for improving litter quality and flock welfare. The EPA 503b rule addresses the temperature requirements to effectively treat litter: exceed 40
• C for 120 h and within the 120 h exceed 55
• C for 4 h; however, these temperatures are hard to obtain throughout the entirety of a windrow [12, 13, 14] . Previous research has indicated that when litter within the average Mississippi moisture content is windrowed, only the core of the windrow is able to meet temperatures necessary to inactivate disease-causing organisms, not the outer exterior [12, 13] . The need to evenly inactivate pathogens in the litter may be solved by the additional water added to the litter by the sprinkler system.
Despite the benefit of reducing pathogenic organisms by windrowing, it is important to determine the effects that the addition of water may have on other parameters related to litter quality (NH 3 levels, pH, etc.). If the moisture content of the litter were to exceed 35%, an increase in NH 3 production may occur, which could lead to poor chick quality and high mortality rates. Miles et al. [15] noted that moisture and temperature have a direct effect on NH 3 volatilization. Higher temperature and a critical point of moisture content will increase NH 3 volatilization. However, if the moisture content is below or above the critical point, NH 3 volatilization will decrease [15] . Higher moisture also can lead to nutrient runoff due to the excess of free water in the windrow. The excess free water also can lead to compression of the litter, which corresponds to a reduction in particle size and therefore porosity. However, an increase in windrow temperatures from the compression and decrease in porosity of the litter also can cause a decrease in litter pH [16, 17] . Therefore, the objective of this study was to determine the impact that windrowing has on litter quality when the broiler house has utilized low-pressure sprinklers throughout the grow-out period.
MATERIALS AND METHODS

House Layout
One commercial broiler house with the dimensions of 121.9 M long x 13.1 M wide was utilized in this study. The house was divided into 4 blocks, and each block contained 4 treatments that were randomly assigned, providing a total of 16 plots for evaluation ( Figure 1 ). There were 8 plots on either side of the house, and the plots were centered in the middle of the house, leaving 33.5 M on either end of the house. During the treatment term, the house was closed, with no ventilation.
Within the broiler house, the litter consisted of built-up litter that had been previously used by 9 consecutive flocks with the grow-out periods lasting 63 days. The litter profile was 10 to 13 cm deep. There were no previous disease or pathogen concerns associated with the litter in the house. As well, windrowing and chemical amendments were applied previously to the litter. The litter was windrowed every other flock and chemical amendments were applied if necessary between flocks.
Low-pressure Sprinkler System
During the previous grow-out period, before the onset of this study, the broiler house used a commercial low-pressure sprinkler system (Weeden Sprinkler System) [18] . The system involves low-pressure sprinkler nozzles, which are comparable to normal yard sprinklers with a spinner head. The sprinklers were mounted from the ceiling and ran the length of the house on 2 lines located 3 m from each sidewall with 20 sprinkler nozzles on either line for a total of 40 nozzles. Each nozzle had an output of 15 mL of water per s over an area of 42 m 2 [18]. The sprinklers became active when the birds reached 5 wk of age. The Weeden controller utilized a 3-stage program that operated specifically on time intervals. The first stage began when the broilers reached 5 wk of age. The 3 set stages in the sprinkler controller were named stages 1, 2, and 3. Stage 1 was set to run every 30 min, stage 2 was set to run every15 min, and stage 3 was set to run every 5 minutes. At each stage, the system ran for only 20 s between each time interval. The temperature increment between each stage was set for 2.8˚C, while the cool-cell system ran 1.7˚C above the sprinkler. In 2014, from July 24 to September 25, the lowpressure sprinkler system utilized 80,962 liters of water, while the evaporative cooling pad utilized 133,281 liters.
Treatments
Each of the 4 treatments was randomly assigned to one of the 4 blocks creating 16 plots. There was a total of 4 replications for each treatment. The treatments consisted of a nonwindrowed control, a static windrow, a turned windrow, and a covered windrow. The control was de-caked on d 0 and had no windrow application applied to it. The static treatment was de-caked, windrowed, and then allowed to sit for the following 9 days. The turned treatment was de-caked, windrowed, turned in on itself on d 4, and then allowed to sit for an additional 5 days. The covered treatment was de-caked, windrowed, covered with 1.2 mm thick plastic, and then allowed to sit for 9 days. The individual windrows, when formed, were 6 m long x 1.5 m wide x 1 m high in depth. Windrows were formed using a tractor equipped with a litter windrow blade [19] . On d 4, turned windrows were turned in on themselves using a skid steer loader. On d 9, all windrows were broken down in their respective plots. The house was then closed for 4 additional d (d 13) until day-old chicks were placed back in the house for the next commercial grow-out. No analysis was performed on placed chicks. Chicks were supplied feed and water ad libitum. Chicks used in this experiment were treated in compliance with the Guide for the Care and Use of Agricultural Animals in Research and Teaching [20] .
Sample Collection
On day 0, the previous flock was transported for processing. Litter samples were collected on d 4, when the turned treatment was being rolled in on itself; d 9, when all windrows were leveled out; Treatment arrangement in a commercial broiler house. The commercial house used was 121.9 m in length x 13.1 m in width. There were 16 plots measuring 6.1 × 6.1 m. Four plots denote a block, with each treatment being represented within a block. Treatments included: 1) a treatment in which litter was de-caked but not windrowed (Control), 2) a treatment in which litter was de-caked prior to windrowing, windrowed, and allowed to sit for 9 d (Static), 3) a treatment in which the litter was de-caked prior to windrowing, windrowed, turned in on itself on d 4, and then allowed to sit for 5 d (Turned), and 4) a treatment in which litter was de-caked prior to windrowing, windrowed, covered with 1.2 mm thick plastic, and allowed to sit for 9 d (Covered). There were 2 rows of plots, with 8 plots on either side. Thirty-three-and-a-half meters of space were not utilized on either the evaporative cool cell or exhaust fan ends of the house (not drawn to scale).
Particle Size
Particle size of the litter was determined using a Ro-Tap Sieve Shaker [23] . In duplicate, 100 g of litter were weighed and then placed into the first set of sieves (No. 4, 6, 8, 10, 16, 20, and 40) . The first set of sieves was allowed to sift for 5 minutes. Upon completion, the litter that was able to sift to the bottom pan was placed on the top of a second set of sieves (No. 50, 70, 100, 140, 200, and 270). The second set of sieves was set in the Ro-Tap and allowed to sift for another 5 minutes. Each sieve was weighed, and then the following equation was used [24] :
Where: d gw is geometric mean diameter or median size of particles by mass (mm), d i is normal sieve aperture size of the i th sieve (mm), W i is the mass on the i th sieve (g), and n is the number of sieves +1 (pan).
Litter Moisture
Litter moisture was measured in duplicate for each plot. Each individual litter sample was measured into 15 g samples. The wet weight of the sample was obtained before being placed into a drying oven [25] . Each sample was then placed in a 0.325 m 2 drying oven for 24 h at 105
• C. Once 24 h had passed, the samples were removed from the drying oven and weighed to determine their dry weight. Moisture content was calculated using the following equation [26] :
Where: MC (%) is the percentage of moisture present or moisture content, W wet is the wet weight, and W dry is the dry weight. 
Nitrogen, Phosphoric Acid, and Potash
NH 3
Ammonia generation for the litter was measured on d 9, 13, and 20. Measurements were not recorded on d 4 due to the windrows still in formation. Ammonia production off the litter at floor level was analyzed using an infrared photoaccoustic multi-gas analyzer with a dynamic flux chamber, using the design by Woodbury et al. [30, 31] . NH 3 was calculated based on the chamber footprint, sampling time, and the mass of NH 3 in the acid trap [30] . The NH 3 gas being emitted off the litter was sampled for approximately 10 min to allow the infrared photoaccoustic multi-gas analyzer to calibrate. Ammonia levels were then recorded at 11, 12, and 13 minutes. The 3 readings were then averaged to determine NH 3 production.
pH
Litter pH was analyzed by measuring 10 g of each litter sample in duplicate and then transferring each sample to a 500 mL beaker. Ultra purified water (100 mL) was then added to the beaker containing the 10 g of litter and stirred for approximately 5 min [25] . Using an Accumet Excel XL60 probe [32], the litter-water mixture was tested to obtain a pH reading [33] .
Temperature
Thermochron i-Button temperature sensors were used to record temperature throughout the house [34] . There were 2 sensors in each plot, both attached to a wooden stake that had one sensor submerged in the litter and the other sensor just below the litter surface. The sensor that was submerged in the litter recorded the temperature at the core of the windrow. The other sensor that was just below the litter's surface recorded the periphery temperature of the windrow. For all treatments, except the control, the periphery sensor was submerged 5.1 cm under the litter surface of the windrow. The control treatment's core sensor was 5.1 cm under the litter surface, while the periphery sensor was just below the surface. The 
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Statistical Analysis
All data were analyzed using a randomized complete block design with a split plot over days. The means were separated using Fisher's protected LSD and were considered significant at P ≤ 0.05 [37, 38] .
RESULTS AND DISCUSSION
A delicate balance exists between improving litter quality and pathogen reduction in poultry litter. This balance is highly dependent on the moisture content of the litter. Litter quality is determined on the basis of the poultry litter's particle size, nitrogen retention, ammonia volatilization, levels of phosphorus and potassium, and pH. Pathogen reduction is obtained through high temperatures. High moisture inclusion will allow the litter to obtain optimal temperatures for pathogen reduction; however, litter quality may experience detrimental effects to overall quality due to the high moisture. Because there is such a thin line concerning moisture content, it is advantageous to utilize a strategy that balances both litter quality and pathogen reduction.
The results from the current windrowing experiment in which low-pressure sprinklers were utilized demonstrated no difference in particle size (PS) among d or treatments (P = 0.9226; P = 0.0645; data not shown). Therefore, PS was determined not to be a concern for windrowing, as previous studies also have shown. Keener et al. [39] demonstrated that PS was not an issue if moisture was ≤45% at the start of windrowing and "mechanical mixing" was utilized during or at the end of the windrowing process. In the current study, litter moisture was ≤45% at the beginning of windrowing, and at the end, all treatments were mechanically mixed with a skid steer loader. Although there was not a significant difference for PS, there were differences for moisture content, N, NH 3 , P, K, and pH.
The amount of moisture present in poultry litter can affect NH 3 volatilization and microbial growth. Moisture is necessary to produce a windrow that reduces pathogens effectively because the elevated windrow temperature needed to inactivate bacteria is directly influenced by moisture content [8] . As stated previously, 50
• C has been seen to reduce, inactivate, or destroy most of the major concerns in litter, such as pathogens, viruses, and parasite eggs [10, 11] . The average moisture content of litter in Mississippi is 24.8%, yet the recommended moisture content for an effective windrow is between 32 and 35% [5, 7] . Due to the use of a low-pressure sprinkler system in the latter wk of broiler rearing, a moisture content above Mississippi's average litter moisture was expected. Even though the sprinklers use a controlled amount of water that creates a wind-chill effect on the birds, some of the sprinkled water also may reach the litter. Therefore, correct management is critical to maintaining proper litter conditions.
In this study, the moisture content for all treatments was above 40% at d 4; however, by d 20, the moisture content of litter for all treatments either met or fell below the recommended level of 32% (Figure 2 ). For the covered treatment, d 4 demonstrated the highest moisture content (60%) compared to all other treatments. However, by d 20 the moisture content of the covered treatment was reduced to 24%, the lowest moisture content of any treatment. The high moisture content for the covered treatment on d 4 is most likely due to the impermeable tarp being placed over the windrow, preventing moisture from evaporating into the air. After the tarp was removed on d 9, the moisture was then able to evaporate and revert to below recommended levels. Only the turned treatment remained at the recommended level of 32% on d 20. For all treatments, we expected the litter to dry out from d 13 to d 20. This is due to the fact that chicks were placed back into the house and ventilation and brooding were required. Overall, the litter moisture content was not in the effective range for windrowing from d 4 to d 9, as it was well above the recommended level. This highmoisture content present in the litter had the potential to increase the quantity of pathogens present in the litter, especially if the windrows did not reach the recommended temperatures for reducing pathogens [40] . Along with a possible increase in pathogens, a higher moisture content in the litter also could result in higher nitrogen loss, ammonia volatilization, and further degradation of litter [8, 41] .
The results of this study indicated that the static 9 d windrow had the highest nitrogen concentration (4.60%) when compared to all other windrow treatments ((P = 0.02); Figure 3 ). However, all treatments were still below the recommended N level of 5 to 7% [42] . No differences among the control, covered, or turned treatments were determined. N loss usually occurs more in composted manure because of the higher rate of denitrification, which was not discovered among the treatments in this study, as the static treatment had the highest N concentration [43] . However, according to Mahimairaja et al. [43] , denitrification occurs under anaerobic conditions, and nitrogen is lost in the form on N 2 . Therefore, it was expected that the covered treatment would have the greatest loss of N, because a 1.2 mm thick plastic tarp, which should have prevented aerobic conditions, covered the windrow. The plastic also did not allow for the evaporation of moisture from the surface of the windrow, providing an environment more suitable for denitrification. However, it was concluded that the covered, turned, and control treatments were not different in terms of loss of N.
Although N was not different among the covered, turned, or control treatments, all 3 were different when compared to the static treatment but not by an alarming amount (<0.21%). Flory et al. [44] demonstrated the effectiveness of turned windrows in a commercial setting vs. a control. Their results determined that there were no differences in nutrient value or N level among treatments; however, a numerical decrease in N level was apparent among treatments. In the current study, the higher N content demonstrated for the static treatment may be the result of the high temperatures the treatment obtained in its core and periphery. Lavergne et al. [4] demonstrated a correlation between total N and the maximum temperature after the addition of water in static in-house windrows. The results indicated that a windrow that reached a higher temperature had a higher N content than a windrow that had an average temperature [4] . Because the static treatment in our study had one of the highest temperatures among all other treatments, it can be suggested that the elevated N may have been a result of the high temperature.
Another reason for the loss of nitrogen during windrowing is ammonia volatilization. Henry and White [41] discovered that a large quantity of N lost during windrowing was due to ammonia volatilization. In the current study, no differences among treatments were found for NH 3 production (data not shown). This finding was surprising because poultry manure typically contains 5 to 7% total N, with 60 to 75% of the N in the form of uric acid [42, 45] , and when uric acid breaks down, it produces NH 3 [46] . Keener et al.
[39] reported a reduction in N loss through NH 3 volatilization when windrows were covered. Therefore, lower NH 3 generation was expected from the static and turned windrow treatments in the current study when compared to our covered treatment. Although there were no differences found for NH 3 production among treatments, this result may have been influenced by the high initial moisture contents, which also could have led to the findings for N content.
Because NH 3 volatilization is one of the major pathways for N loss, it is important to monitor NH 3 production over time. However, the monitoring of NH 3 production is important for more than just N loss, NH 3 production is also a major welfare concern [45] . Over the course of this study, the concentration of NH 3 generated directly off the litter was determined to decrease (d 9, 684.67 ppm; d 13, 585.96 ppm; and d 20, 111.96 ppm) (Figure 4 ). The high NH 3 generation at d 9 and 13 may be the result of the high litter moisture created by the low-pressure sprinkler system in concurrence with the evaporative cooling system. As mentioned before, uric acid is less likely to degrade into NH 3 if the litter is kept dry [46] . Even as the level of NH 3 produced decreased, on d 13 the NH 3 concentration being generated by the litter was well above a safe level for day-old chicks. On d 20, the NH 3 being generated by the litter into the flux chamber was reduced to 111.96 ppm. The reduction in NH 3 production from d 13 to d 20 was most likely the direct result of ventilation and the use of the brooders, as it would dry the litter and therefore reduce NH 3 generated by the litter. It is important to note that in this study, the NH 3 monitored was that generated directly by the litter into the flux chamber and not the air surrounding the chicks. Due to the ventilation protocol in place in the broiler house, no chicks were under conditions in which the atmospheric NH 3 in the house exceeded 25 ppm, the maximum limit for atmospheric ammonia at bird height [47] .
In the current study it also was determined that potash and phosphoric acid concentrations increased over time (Figures 5 and 6 ). Potash increased over a 20-day period at 3.98, 3.93, 4.19, and 4.08% on d 4, 9, 13, and 20, respectively. Phosphoric acid increased over a 20-day period at 5. 49, 5.63, 6 .07, and 6.12% on d 4, 9, 13, and 20, respectively. It is important to note that an increase in the concentration of P in litter is not a favorable outcome for litter quality. If there is too much P in the litter, then when applied as fertilizer, the high P concentrations could run off into nearby streams, estuaries, or lakes. N, P, and K are all needed for life; however, too much in the environment can cause eutrophication [48] . Eutrophication can result in an increase of algae and deoxygenation of the water, directly killing the ecosystem in that body of water [48, 49] . In this study, the treatments on d 20 had P 2 O 5 and K 2 O levels of 6 and 4%, respectively. According to a study done by the University of Georgia Cooperative Extension, composted litter has 3 and 2.3% levels of P 2 O 5 and K 2 O, respectively [50] . One possible explanation for the high level of P and K is the reuse of the litter over several flocks [4, 51] . A study that examined the trend of nutrient content in Mississippi, determined an increasing trend of nutrients until the 20th flock [51] . It also was noted that litter management that utilizes total clean-out will experience lower nutrient levels [51] . With the increasing concern for the environment and the ecosystem, the increase of both P and K is not a desirable outcome.
Liang et al. [8] , while evaluating the effects of in-house broiler litter windrowing, noticed an increase in both total P and K in the windrow treatments that were under high-moisture conditions. It was deduced that the increase was relative to P, Ca, and K being the most reliable nutrients to show degradation; but it also was found that the control treatment had greater degradation than the windrow treatments [8] . However, it should also be mentioned that in that study, the control treatment had higher moisture (21.5%) than the highest moisture windrow treatment (19.6%) from the very beginning [8] . In respect to windrowing poultry litter after the utilization of low-pressure sprinkler systems in conjunction with an evaporative cooling system, higher P and K over time may be from the higher degradation occurring as a result of moisture and temperature, which is comparative to the study conducted by Liang et al. [8] .
Litter moisture also can have an impact on litter pH. As % moisture is increased, the pH of the litter becomes more basic [52] . In reference to the average pH of poultry litter in Mississippi, which is 8.4, all treatments were in the average range except for the covered treatment on d 4 (8.75) [5] . The pH for the turned treatment was initially low and then increased by For the covered windrow treatment, pH was initially high but over time decreased (8.75, 8.67, 8.36 , and 8.02 on d 4, 9, 13, and 20, respectively). However, none of the windrowing treatments or the control treatment reduced the pH to a level that would improve litter quality. If the pH could have been reduced below 7.5, the NH 3 concentration also may have been reduced [53] . According to Groot Koerkamp [45], a pH of 7 or below allows NH 3 to be bound as ammonium, thus preventing NH 3 volatilization. The more basic the pH is (above 5.5), the more readily uric acid is broken down [45] . A lower pH would have stunted NH 3 production, substantially yielding more N retention in the litter. Therefore, the results of this study suggest that no windrowing technique improved litter quality when compared to the control treatment, which may be attributed to the higher moisture present at the onset of this study from the utilization of a low-pressure sprinkler system in tangent with an evaporative cooling system. Though the moisture, N, NH 3 , P, K, and pH results all indicated the treatments did not have a positive effect on litter quality, the temperature results may have impacted the litter environment in a positive manner. According to the EPA 503b rule, for a windrow to effectively reduce pathogens, it must exceed 40
• C for 4 h [14]. To further this rule, it has been recommended that the windrow exceed 50˚C for at least 24 h [10]. Other studies, such as Barker et al. [13] , Lavergne et al. [4] , and Macklin et al. [9] , have attempted to reach this benchmark but have been unable to obtain these temperatures in the periphery of the windrow. Additionally, previous research conducted by Schmidt et al. [54] , utilizing a 42-point grid, established that the EPA 503b rule could be achieved only within approximately 38.4 ± 26.2% of a windrow. In the current study, both the periphery and core temperatures were monitored using a 2-point system. The static and covered treatments both met the criteria for the EPA 503b rule in the core and periphery (Figures 8 and 9 ). The turned treatment met the criteria for the EPA 503b rule only in its core (Figure 8 ). Although a 2-point method is not the most accurate procedure at predicting the entire windrow temperature, utilizing this method is still a valuable resource [9] . Because both the static and covered treatments were effective in reaching 40
• C for 120 h, 50˚C for 24 h, and 55
• C for 4 h in their periphery and core, both treatments have the potential to reduce pathogens, diseases, and parasites present in the litter.
It is evident from this study that the quality of the litter was affected by the inclusion of additional moisture through the utilization of a low-pressure sprinkler system during the growout period. Because of these effects, there were no improvements in N, NH 3 , P, K, and pH at the conclusion of the windrowing procedure. The temperature in the windrows, however, was increased to an effective range in order to reduce potential pathogens that may have been present
